Introduction {#sec1}
============

In man, viral infections causing respiratory disease have been known for many years. Every now and then such viruses may cause epidemics involving large groups of people or even pandemics with worldwide spread. At the end of the last century and at the beginning of this century zoonotic viruses emerged that were of serious risk for the human population: severe acute respiratory syndrome (SARS) caused by SARS coronavirus (CoV), highly pathogenic avian influenza (HPAI) virus H5N1 and pandemic influenza virus A(H1N1)pdm09 (pH1N1). Both SARS-CoV and influenza A viruses cause respiratory disease that may lead to severe and even fatal cases of pneumonia. The course and outcome of these infections are related to their pathogenesis, which can be explored by describing and comparing pathology, virology and genomics. Understanding the pathogenesis of SARS and influenza is valuable for development of therapeutic and preventive strategies. Since the pathology of acute human fatal cases of SARS and influenza is rarely described, there is a need for animal models to provide information about the early stages of the disease. Additionally, pathological descriptions of human cases with uncomplicated viral pneumonia are sparse because patients have multiple therapeutic interventions and secondary co-infections that may alter the pathology. This review focuses on the pathology and pathogenesis of SARS-CoV and influenza A virus infections, not only comparing the two viruses, but also comparing the pathology of these virus infections in experimental animals to that in man ([@bib196]).

Severe Acute Respiratory Syndrome Coronavirus {#sec2}
=============================================

Background {#sec2.1}
----------

In November 2002, there was an unusual epidemic of severe pneumonia of unknown cause in Guangdong province in southern China that spread rapidly across the world, peaked in the first half of 2003 and ended by July 2003 ([@bib217]). A total number of 8,096 probable cases were reported by the World Health Organization (WHO), which resulted in 774 deaths, a fatality rate of almost 9.6% ([@bib209]). A novel coronavirus, SARS-CoV, was proven to be the cause of the disease by fulfilling Koch\'s postulates ([@bib38], [@bib41], [@bib85]).

SARS is a zoonotic disease and bats are believed to be the reservoir host of this virus ([@bib101]). Masked palm civet cats and raccoon dogs, which are kept and sold at so-called Chinese wet-markets (markets selling live poultry, fish and exotic animals for human consumption), have provided transmission of the virus to man ([@bib54], [@bib205]). In 2005, horseshoe bats were identified as a natural reservoir for a group of coronaviruses closely related to SARS-CoV with approximately 88--92% homology by genome sequences ([@bib93], [@bib101]). SARS is spread by close person-to-person contact through droplet transmission or excretions ([@bib140]), as was demonstrated in a hospital where virus spread due to over-crowding and poor ventilation ([@bib216]), and later also by airborne transmission in a private residential complex in Hong Kong ([@bib223]).

The Pathology of Severe Acute Respiratory Syndrome in Man {#sec2.2}
---------------------------------------------------------

Gross pathology of the respiratory tract demonstrates a variable degree of consolidation, oedema, haemorrhage and congestion of the lungs, and pleural effusion in the thoracic cavity ([@bib36], [@bib131], [@bib185]). The histopathology of SARS is characterized by diffuse alveolar damage (DAD). The stage of DAD is related to the duration of the illness and may be divided into an exudative phase, a proliferative phase and a fibrotic phase. Patients in the initial 10 days of the disease demonstrate an exudative phase, with necrosis of alveolar epithelial cells, intraluminal oedema, fibrin exudation, hyaline membrane formation, haemorrhage and infiltrates with inflammatory cells such as monocytes or macrophages, lymphocytes and neutrophils into the alveolar wall and lumina ([@bib36], [@bib131], [@bib68], [@bib162]). There is necrosis of the bronchiolar and bronchial epithelium with infiltration of monocytes, lymphocytes and neutrophils into the bronchial wall ([@bib36], [@bib42]). In the proliferative phase, after 10--14 days, there is less epithelial damage with interstitial and alveolar fibrosis, bronchiolitis obliterans organizing pneumonia (BOOP) and regeneration that is characterized by type II pneumocyte hyperplasia ([@bib42], [@bib24], [@bib162], [@bib61]). Large multinucleated cells composed of macrophages or pneumocytes are frequently observed and atypical enlarged pneumocytes with large nuclei, amphophilic granular cytoplasm and prominent nucleoli are seen ([@bib42], [@bib131], [@bib185]). In the fibrotic phase after 14 days interstitial thickening is described with mild to moderate fibrosis and BOOP-like pattern and only few inflammatory cells (mainly histiocytes and lymphocytes) ([@bib24], [@bib185]). Other features are haemophagocytosis, squamous metaplasia ([@bib131]) and fibrin thrombi in vessels ([@bib36]).

Extrarespiratory changes are present that differ in severity of the pathology and vary with the duration of illness. The lymphoid system demonstrates haemophagocytic syndrome and lymphoid depletion or necrosis in lymph nodes and white pulp of the spleen ([@bib36], [@bib51]). The pathology in other organs is characterized by acute tubular necrosis in the kidneys, oedema and degeneration of neurons in the central nervous system, myofibre necrosis and atrophy in skeletal muscles, necrosis and infiltration of lymphocytes and monocytes in the adrenal gland, destruction of follicular epithelial cells in the thyroid gland, germ cell destruction in the testes and oedema and atrophy of myocardial fibres in the heart ([@bib36]). In the intestinal tract there is depletion of mucosal lymphoid tissue ([@bib98], [@bib52]).

Animal Models for Human Severe Acute Respiratory Syndrome {#sec2.3}
---------------------------------------------------------

Many different animal species are found to be susceptible to SARS-CoV and subsequently demonstrate viral replication and disease: non-human primates, cats, ferrets, mice, pigs, chickens, hamsters, guinea pigs and rats ([@bib114], [@bib208], [@bib207], [@bib103], [@bib152], [@bib153]). Experimental SARS-CoV infection in each of these species has been performed for a variety of purposes and resembles the clinical and pathological characteristics of SARS in man to a variable degree. Mice and hamsters have been used in studies of pathogenesis and screening for vaccines and antiviral drugs ([@bib219], [@bib151]). Young mice show viral replication that is not accompanied by substantial inflammation in the lungs; in contrast, old BALB/c mice develop clinical illness with weight loss and histopathological changes characterized by pneumonitis and bronchiolitis ([@bib208], [@bib151]). Non-human primates, such as cynomolgus macaques, African green monkeys and rhesus macaques, have been used to evaluate treatment and for pathogenesis studies ([@bib45], [@bib85], [@bib16], [@bib115], [@bib157], [@bib99], [@bib144]). Cats and ferrets have been used to evaluate the pathogenesis, while ferrets have also been used for vaccination studies ([@bib114], [@bib206]). Although different animal species are susceptible to SARS-CoV infection, no animal model has been established in which all aspects of the severe human disease are replicated accurately. In this review, SARS-CoV infection is described in non-human primates (cynomolgus macaques and African green monkeys \[AGMs\]) and carnivores (ferrets and cats) ([@bib41], [@bib85], [@bib114], [@bib115]).

### Non-Human Primates {#sec2.3.1}

In cynomolgus macaques the age of the animals influences the pathology after SARS-CoV infection. The severity of the lesions in aged cynomolgus macaques infected with SARS-CoV is more extensive than in young-adult macaques, including severe oedema with hyaline membrane formation and syncytia ([@bib166]) ([Fig. 1](#fig1){ref-type="fig"} ). Young-adult AGMs develop more severe lesions from SARS-CoV infection than young-adult cynomolgus macaques ([@bib41], [@bib85], [@bib115], [@bib167]). By gross pathology, the percentage of affected lung tissue is higher in AGMs than in cynomolgus macaques and is characterized by multifocal consolidation. By histopathology, there is acute exudative DAD characterized by necrosis of alveolar epithelium, moderate multifocal hypertrophy and hyperplasia of type II pneumocytes, variable intraluminal oedema and exudate sometimes with hyaline membrane formation, mild multifocal necrosis and regeneration of bronchiolar epithelium, and sometimes intraluminal syncytial cells or mild multifocal tracheobronchoadenitis (inflammation of the submucosal glands of the trachea and bronchi). These pulmonary lesions are significantly more severe in young-adult AGMs than in young-adult cynomolgus macaques. However, the character of the pulmonary lesions is similar, except that young-adult AGMs show hyaline membranes and young-adult cynomolgus macaques do not ([Table 1](#tbl1){ref-type="table"} ).Fig. 1Lesions in the bronchioles and alveoli of cats, ferrets and cynomolgus macaques infected experimentally with H5N1 influenza virus and SARS-CoV are characterized by DAD and bronchiolitis. HE. Bars, 50 μm (A, E, I and J). Bars, 20 μm (B--D, F--H, K and L).Table 1Histopathology, virus antigen expression and ACE2 antigen expression in different species infected with SARS-CoVSpeciesAgeHistological lesionsAlveoliBronchiolesBronchiInterstitiumTracheaEpithelial necrosisOedemaHyaline membranesInflammationSyncytial cellsType II pneumocyte hyperplasiaEpithelial necrosisInflammationEpithelial necrosisInflammationPerivascular/peribronchiolar cuffingTracheobronchoadenitisEpithelial necrosisInflammationHuman++++++++−−−−−Macaque[∗](#tbl1fnlowast){ref-type="table-fn"}Young-adult++−+−+++−−++−−Aged++++++++−−+−−−AGM[†](#tbl1fndagger){ref-type="table-fn"}Young-adult++++++++−−++−−FerretYoung-adult++−+−+++−−+−−−CatYoung-adult+−−+−+++−−−+−−SpeciesAgeVirus antigen expressionACE2 antigen expressionType I pneumocytesType II pneumocytesAlveolar macrophagesBronchiolar epithelial cellsBronchial epithelial cellsTracheal epithelial cellsSerous cells of submucosal glandsType I pneumocytesType II pneumocytesAlveolar macrophagesBronchiolar epithelial cellsBronchial epithelial cellsPulmonary goblet cellsTracheal epithelial cellsSerous cells of submucosal glandsHuman++++++−+++++−++Macaque[∗](#tbl1fnlowast){ref-type="table-fn"}Young-adult+++++−−−+++NNNNAged+++++−−−+++NNNNAGM[†](#tbl1fndagger){ref-type="table-fn"}Young-adult++++−+−−+NNNNNNFerretYoung-adult−++−−−−−++++−++CatYoung-adult+++++++++++++++[^1][^2][^3]

### Carnivores {#sec2.3.2}

Cats and ferrets infected with SARS-CoV develop similar lesions in the respiratory tract as people, macaques and AGMs ([Table 1](#tbl1){ref-type="table"}, [Fig. 1](#fig1){ref-type="fig"}). In the lungs of cats there is a multifocal, mild to moderate exudative DAD and multifocal mild to moderate tracheobronchoadenitis. In ferrets infected with SARS-CoV, the resultant DAD is more extensive and severe in ferrets than in cats, and includes alveolar oedema. Another difference is that cats develop tracheobronchoadenitis, while ferrets do not.

Comparative Pathology {#sec2.4}
---------------------

When the pathological features of SARS in man and the above-mentioned laboratory animal species are compared, there are both similarities and differences in localization, character and severity ([Table 1](#tbl1){ref-type="table"}) ([@bib36], [@bib42], [@bib51], [@bib162]). Firstly, the localization of the lesions is similar among all species: lesions are centred on alveoli and bronchioles. Additionally, AGMs, young-adult macaques and cats have lesions in the submucosal glands of trachea and bronchi that are not seen in man. Secondly, the character of the lesions is similar among all species; these characteristics are epithelial necrosis, infiltration of inflammatory cells and type II pneumocyte hyperplasia. Additionally, syncytia and hyaline membranes are present in lesions of man, aged macaques and AGMs. Thirdly, the severity of the lesions among species can be divided into two groups. Man, aged macaques and AGMs have severe DAD, characterized by oedema, fibrin and hyaline membranes. Young-adult macaques, cats and ferrets have milder DAD demonstrating a more multifocal distribution and lacking the above-named features.

The development of fibrosis in the late stages of human cases of SARS may be related to several factors. Firstly, there is irreversible damage to the pneumocytes, which therefore fail to re-epithelialize the alveolar walls. Instead, the denuded basement membrane is repaired by fibrosis. Secondly, there may be a specific epithelial sensitivity to interferon (IFN)-γ: lung epithelial cells are more responsive to IFN-γ-induced damage than fibroblasts during SARS-CoV infection. Thirdly, there may be a T-helper (Th)1-dominant immune-mediated cell death, which may favour the damage to infected alveolar epithelial cells over damage to non-infected fibroblasts, leaving the latter relatively intact. This would mean destruction of the epithelial layer, a basis for stimulation of fibroblasts for repair ([@bib180]). Fourthly, there may be Fas-mediated apoptosis of human epithelial cells, while lung fibroblasts are protected and are also not infected by SARS-CoV ([@bib30], [@bib176]). The importance of the previously-mentioned factors for fibrosis in SARS is not clear and needs further investigation.

There are several differences that one has to take into account when comparing the lesions of SARS in man with those in experimentally infected laboratory animals ([Table 1](#tbl1){ref-type="table"}). These include differences in the route of entry of the virus, the dose of the virus on entry, the physiology of the respiratory tract, the susceptibility to SARS-CoV infection, the tropism of the virus and the immune response. Furthermore, one should realize that most pathological descriptions of human SARS involve people who have been hospitalized for an extended period and have undergone multiple interventions; there are only a limited number of descriptions of acute fatal human cases without intervention. In contrast, animals that have been infected experimentally with SARS-CoV usually do not undergo intervention and are killed before the endpoint of severe disease. Finally, one should consider that only about 10% of people with confirmed SARS-CoV infection die ([@bib140]) and it is likely that many people who recovered from SARS had less severe respiratory tract lesions.

The Pathogenesis of Severe Acute Respiratory Syndrome Coronavirus Infection in Man {#sec2.5}
----------------------------------------------------------------------------------

The pathological changes induced by SARS-CoV infection in man can be related to virus-specific factors and host-specific factors ([Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"} ).Table 2Histopathology, virus antigen expression and virus attachment in different species infected with different influenza virusesVirus and speciesHistological lesionsAlveoliBronchiolesBronchiInterstitiumTracheaNoseEpithelial necrosisOedemaHyaline membranesInflammationType II pneumocyte hyperplasiaEpithelial necrosisInflammationEpithelial necrosisInflammationPerivascular/peribronchiolar cuffingTracheobronchoadenitisEpithelial necrosisInflammationEpithelial necrosisInflammation**H5N1**Human++++++−−−−−−−−Macaque[∗](#tbl2fnlowast){ref-type="table-fn"}+++++++−+−−−+−−Ferret++−++++++++−+++Cat++−++++−++−−−−−**pH1N1**Human+++++++++++++NNMacaque++−+++++++−++++Ferret++−++++++++++++Cat++−++++−++−−−−−**Seasonal**[†](#tbl2fndagger){ref-type="table-fn"}Human+++++++++−+++++Macaque+−−+−−−−−−−−−−−Ferret+−−++−+−+++−+++CatNNNNNNNNNNNNNNNVirus and speciesVirus antigen expressionVirus attachmentType I pneumocytesType II pneumocytesAlveolar macrophagesBronchiolar epithelial cellsBronchial epithelial cellsTracheal epithelial cellsSubmucosal glandular epithelial cellsNasal epithelial cellsType I pneumocytesType II pneumocytesAlveolar macrophagesBronchiolar epithelial cellsBronchial epithelial cellsPulmonary goblet cellsTracheal epithelial cellsSubmucosal glandular epithelial cellsNasal epithelial cells**H5N1**Human−++−−+−−−++++−−+−Macaque[∗](#tbl2fnlowast){ref-type="table-fn"}+++++−−−++−++−−NNFerret+++++−−+−+−−−−−NNCat+++++−−−−+++−−−NN**pH1N1**Human+++++++n+++++++++Macaque++−−−−−+NNNNNNNNNFerret++++++++NNNNNN+N+Cat+++++−−−NNNNNNNNN**Seasonal**[†](#tbl2fndagger){ref-type="table-fn"}Human−−−−+−+N+−−++++−+Macaque−−−−−−−−−−−−−−−−NFerret−+−−−−−++−−++−++NCat−−−−−−−−−−−−−−−−N[^4][^5][^6]Table 3Similarities and differences in the pathology of SARS and H5N1 influenzaSimilaritiesDifferencesSARSH5N1 InfluenzaPneumocytes main target: resulting in DADAcute alveolar lesionsDAD less fulminant with an acute and regenerative patternDAD more fulminant and necrotizing with marked haemorrhageHyaline membranes in human casesTypical histopathological featuresMultinucleated cellsNo multinucleated cellsHaemophagocytic syndrome and lymphoid depletionOrganizing phaseFibrocellular intra-alveolar organization with a BOOP-like patternPatchy and interstitial paucicellular fibrosis without BOOP-like patternHypoxia-related skeletal muscle and renal tubular necrosisDevelopment of severe diseaseLess rapid, 2nd week of illnessMore rapid, end of 1st week of illnessPathology centred around the bronchioles for SARS and pH1N1DisseminationRespiratory tract, intestinal tract, liver, blood, urine and faecesRespiratory tract, intestinal tract, brain, cerebrospinal fluid and blood[^7][^8]Table 4Similarities and differences between the pathogenesis of SARS and influenzaFactors important for pathogenesisSimilaritiesDifferencesVirus-specific factors Receptor specificity--Receptors:\
SARS: ACE2, DC-SIGN, L-SIGN\
Influenza: sialic acids Direct cytopathic effect--SARS: not so important\
Influenza: importantHost-specific factors Immune cellsLymphopenia\
High neutrophil count-- Imbalanced cytokines--SARS: host specific\
Influenza: virus specific AgeOld age is associated with fatal cases (SARS and seasonal influenza)Not for pH1N1 and H5N1 Co-morbidityCo-morbidity is associated with fatal cases (SARS, seasonal influenza and pH1N1)Not for H5N1 Genetic factors--SARS: certain genetic factors are associated with severity of disease\
Influenza: not described Species differencesDifferences in pathological changes and disease outcome among man and animals are species related--

### Virus-specific Factors: (1) Receptor Specificity {#sec2.5.1}

SARS-CoV enters the body via the respiratory system by droplet transmission and interacts with cellular receptors via the surface spike protein (S-protein) to infect target cells ([@bib165]). Several host cell receptors have been found to bind to the S-protein. One is metallopeptidase angiotensin-converting enzyme 2 (ACE2). Others are lectins: C-type lectin DC-SIGN (or CD209), human CD209L (or liver/lymph node specific (L)-SIGN and DC-SIGNR) and LSECtin ([@bib100], [@bib75], [@bib218], [@bib50]). Binding of the S-protein to the main functional receptor ACE2 on the target cell leads to fusion between the virus envelope and the host cell membrane. SARS-CoV infection of ACE2-expressing cells seems to be dependent on the lysosomal proteolytic enzyme cathepsin L that is present in various cell types ([@bib164], [@bib70]). ACE2 in man is present in type I and II pneumocytes, small intestinal enterocytes, the brush border of proximal tubular cells of the kidneys, endothelial cells of small and large arteries and veins, and arterial smooth muscle cells ([@bib59]). DC-SIGN (or CD209) is expressed on dendritic cells and macrophages. The low expression of cathepsin L in human endothelial cells might explain the low infection rate of these cells despite their high expression of ACE2 ([@bib69]). On the other hand, virus replication was observed in colonic epithelial cells and in hepatocytes without ACE2 expression, which may be explained by the presence of other receptors and co-receptors like dendritic cell-specific DC-SIGN and human CD209L ([@bib94]). Binding of SARS-CoV to this receptor did not lead to entry of virus into dendritic cells, but facilitated transfer of viruses to other susceptible cells ([@bib218]). CD209L acted in conjunction with LSECtin to enhance SARS-CoV infection ([@bib75]).

The main target cells for the virus to infect are epithelial cells of the respiratory tract, which are the first cells the virus encounters after entering the body. The sites of viral replication correspond with the presence of ACE2. Immunohistochemistry (IHC) and in-situ hybridization (ISH) studies demonstrate virus antigen or viral nucleic acid in alveolar, bronchiolar, bronchial and tracheal epithelial cells, alveolar macrophages and multinucleated cells ([@bib183], [@bib162]). Co-labelling for cytokeratin and surfactant shows that the infected cells are mostly pneumocytes, predominantly type II pneumocytes ([@bib162]). Type II pneumocytes secrete surfactant, which is involved in reduction of the surface tension and integrity of the alveolar lumen, and they are important in tissue restitution and differentiation into type I pneumocytes. In extrarespiratory tissues, SARS-CoV RNA is detected in small and large intestine, lymph nodes, spleen, liver, heart, kidney, skeletal muscle, adrenal gland and cerebrum, suggesting that SARS has extra-pulmonary dissemination leading to virus excretion in respiratory secretions, stools, urine and possibly sweat ([@bib98], [@bib35], [@bib40]).

### Virus-specific Factors: (2) Direct Cytopathic Effect {#sec2.5.2}

After attachment to and infection of the host cells, there is damage of those cells and surrounding cells with attraction of inflammatory cells. In the early stage, the severe oedema, fibrin deposits and haemorrhage, as is seen in the histopathology of human cases, is most likely due mainly to the damage to epithelial cells, with loss of epithelial lining resulting in vascular leakage. The epithelial damage can partly be explained by the direct cytopathic effect and apoptotic mechanisms due to viral infection and replication, resulting in lysis of the infected cells and inflammation in the infected tissue ([@bib127], [@bib227]). High titres of virus have been found in severely damaged organs ([@bib40], [@bib51]), with necrosis at the sites of virus particles ([@bib131]). Fas-mediated apoptosis was demonstrated in human epithelial cells ([@bib176]).

### Host-specific Factors: (1) Immune and Inflammatory Cells {#sec2.5.3}

Infiltration of stimulated inflammatory cells induces the secretion of additional cytokines and enhances the inflammation ([@bib221]). Immune and inflammatory cells such as lymphocytes, monocytes and neutrophils may play a role in the lesions caused by SARS-CoV infection. Lymphocytes such as cytotoxic T cells kill infected cells, monocytes, macrophages and neutrophils produce proinflammatory cytokines, and neutrophils release granules with enzymes that cause necrosis in surrounding cells and attract other inflammatory cells. Lymphopenia with a rapid decrease of CD4^+^ and CD8^+^ T cells and a high neutrophil count was seen in the blood of human patients in the acute phase of SARS-CoV infection, and was associated with an adverse outcome ([@bib215]).

### Host-specific Factors: (2) Induction of Cytokines {#sec2.5.4}

Next to damage due to virus replication, the severe pulmonary damage may be attributed to an excessive host immune response with the production of proinflammatory cytokines, as is demonstrated in cytokine and chemokine profiles ([@bib131], [@bib138], [@bib214], [@bib226]). In SARS patients, the results of cytokine and chemokine measurements are difficult to interpret due to many confounding factors. However, the levels of both cytokines and chemokines in the blood are elevated: interleukin (IL)-1, IL-6, IL-8, IL-12, IFN-γ, monocyte chemotactic protein (MCP)-1 (or CC-motif ligand 2, CCL2), monokine induced by IFN-γ (MIG), IFN-inducible protein (IP-10 or chemokine C-X-C motif ligand 10, CXCL10) and transforming growth factor (TGF)-β ([@bib214], [@bib226], [@bib71], [@bib77], [@bib177], [@bib3]). Increased expression of chemokines and cytokines such as IP-10, MCP-1, IL-6 and IL-8 are important for chemotaxis and activation of neutrophils and monocytes ([@bib201], [@bib39], [@bib186]). Infiltration of these inflammatory cells corresponds with the severe pulmonary lesions observed in human cases ([@bib71], [@bib77], [@bib18], [@bib166]).

The production of type I IFNs by the host after infection with a virus is an essential part of the antiviral innate immune system. SARS-CoV is suggested to cause inhibition of IFN production ([@bib204]). In people with SARS, treatment with type I IFNs was associated with reduced disease-associated hypoxia and a more rapid resolution of radiographic lung abnormalities ([@bib110]).

Host-specific Factors: (3) Risk Factors {#sec2.6}
---------------------------------------

The most important host-specific risk factors in people for more severe SARS-related disease and deaths due to acute respiratory distress syndrome (ARDS) are advanced age, sex and co-morbidities ([@bib20], [@bib37], [@bib96], [@bib113], [@bib80], [@bib97], [@bib107], [@bib92]). Additionally, genetic factors such as certain human leucocyte antigen (HLA) haplotypes are associated with a higher susceptibility to SARS-CoV infection in man ([@bib126], [@bib73]). In contrast, L-SIGN homozygote individuals have a lower susceptibility to SARS-CoV infection ([@bib21]). Additionally, there may be another genetic factor involved in the protection against human SARS-CoV infection; genotypes producing low concentrations of mannose-binding lectin, a collectin in the serum that is able to bind the glycosylated S-protein, were associated with increased risk of developing SARS ([@bib73]).

The Pathogenesis of Severe Acute Respiratory Syndrome Coronavirus Infection in Animal Models {#sec2.7}
--------------------------------------------------------------------------------------------

Variation in disease severity in animal models can be explained by both virus-specific and host-specific factors.

### Virus-specific Factors {#sec2.7.1}

In laboratory animals, cell type tropism of SARS-CoV is related to ACE2 expression ([Table 1](#tbl1){ref-type="table"}, [Fig. 2](#fig2){ref-type="fig"} ). Similar to human ACE2, both ferret and feline ACE2 bind the attaching S-protein of SARS-CoV efficiently ([@bib225], [@bib57]). However, cell tropism and ACE2 expression do not always correspond. For example, ferret bronchiolar epithelial cells express ACE2, but are apparently not infected by SARS-CoV ([Table 1](#tbl1){ref-type="table"}). This discrepancy may be explained by the necessity for other receptors besides ACE2 for virus attachment or for other factors (such as cathepsin L) for SARS-CoV replication in the host cell ([@bib50]).Fig. 2Cell type tropism in the respiratory tract of cats and ferrets infected experimentally with H5N1 influenza virus and SARS-CoV. The presence of receptors is demonstrated for SARS-CoV by the expression of ACE2 by IHC and for H5N1 by the expression of virus attachment by virus histochemistry. The presence of virus in similar cell types is demonstrated by virus antigen expression by IHC. Bars, 10 μm.

Another discrepancy between cell type tropism and ACE2 expression was observed in tracheobronchial submucosal glands. While the submucosal glands of both cats and ferrets expressed ACE2, only the submucosal glands of cats became infected and inflamed. As indicated above, this discrepancy may be due to species differences in expression of other co-factors necessary for viral replication. Alternatively, this discrepancy may also be due to species differences in the histological architecture of the tracheobronchial submucosal glands, which contain both serous and mucous cells. Ferrets have relatively more mucous cells than cats. This may have inhibited the attachment of SARS-CoV to serous cells, which was the main cell type infected in cats.

Most likely, direct cytopathic damage due to virus replication in SARS is not the most important factor for cellular and tissue damage in animal models, since differences in the severity of the pulmonary lesions between young-adult and aged macaques were observed, despite having similar virus loads.

Several genetic factors of both the virus and the host are known to modify the susceptibility and immune response to SARS-CoV infection. Genetic analyses of SARS-CoV demonstrate that genetic variation in the spike gene of SARS-CoV isolates from civet cats causes increased transmission and affinity of the virus for both civet and human ACE2 receptors ([@bib178], [@bib153]).

### Host-specific Factors {#sec2.7.2}

SARS-CoV-infected young-adult and aged macaques demonstrated expression of various cytokines and chemokines such as IP-10, MCP-1, IL-6 and IL-8 in the lungs in a similar pattern as was seen in man ([@bib34]). The cytokine response in SARS is probably host specific since aged macaques had a stronger up-regulation of those chemokines and cytokines than young-adult macaques, despite similar virus replication ([@bib166]). When up-regulated chemokines and cytokines of macaques and AGMs were compared, IP-10, MCP-1, CXCL-1, CXCL2, IL-6 and IL-8 were up-regulated in macaques, but not in AGMs. However, despite similar virus replication levels, the young-adult AGMs showed more severe lesions with hyaline membranes when compared with the young-adult macaques. Comparative gene expression analyses revealed induction of proinflammatory and antiviral pathways in both species. Cytokines important for ARDS or neutrophils attracting activity, such as CXCL-1, CXCL2, IL-6 and IL-8, were up-regulated in the macaques, but not in the AGMs. Other proinflammatory chemokines and cytokines such as SPP1 (osteopontin), CCL20 and CCL3 were up-regulated more in AGMs than in macaques. Additionally, osteopontin and CCL20 were significantly more up-regulated in AGMs and aged macaques than in young-adult macaques. Osteopontin is expressed predominantly by macrophages and is important in type 1 (Th1) cytokine expression and plays a role in development of lung fibrosis ([@bib132], [@bib134]). In AGMs, many macrophages, presumed to express osteopontin, were seen histologically, while in macaques there were both macrophages and neutrophils. The above-mentioned differences in the gene expression profile as well as the difference in the tropism, which also involves bronchiolar and tracheal epithelial cells in AGMs ([Table 1](#tbl1){ref-type="table"}), help to explain the more severe lesions in the AGMs.

When macaques experimentally infected with SARS-CoV were directly treated with IFN, there was also a protective effect, suggesting that supplementing IFN as a therapy can be beneficial ([@bib58]). These results demonstrate that the inhibition of IFN production caused by the virus plays an important role in the induction of virus replication and associated severe lesions after SARS-CoV infection.

Genetic analyses of the host demonstrate that species-to-species variation in the sequence of the *ACE2* gene affects the efficiency by which the virus can enter the cells ([@bib102]). The differences in disease outcome between the species can be attributed to the differences in cell type tropism of SARS-CoV ([Table 1](#tbl1){ref-type="table"}) and the differences between cynomolgus macaques and AGMs in induction of cytokines ([@bib166]). The cell type tropism as described in virus-specific factors by the distribution of ACE2 may result in differences in the severity of the disease between animal models and man. Additionally, the difference in the outcome of the disease between AGMs and cynomolgus macaques indicates that there may be more differences in the reaction of the immune response between the species. These differences may be related to evolutionary adaptations and differences in selection of major histocompatibility complexes, immune response, cytokine production and sensitivity to viruses. Co-morbidities and genetic factors that are associated with severe disease in man have not been investigated in laboratory animals and thus an insight into those factors from SARS animal models has not been obtained.

Age is another host-specific factor that is related to more severe disease in man. Aged cynomolgus macaques (10--19 years old) infected with SARS-CoV had more severe lesions than young-adult animals (3--5 years old), even though viral replication levels were similar ([@bib72], [@bib166], [@bib154]). Additionally, aged mice showed more severe lesions than young-adult mice on infection with SARS-CoV and the transcription profile in aged mice generally indicated a stronger proinflammatory response than in young mice ([@bib3], [@bib153]). It is suggested that age-related accumulated oxidative damage and a weakened anti-oxidative defence system cause a disturbance in the redox balance, resulting in increased reacting oxygen species ([@bib166]). Subsequently, redox-sensitive transcription factors, such as nuclear factor (NF)-κB, can be activated, which is followed by the induction of proinflammatory genes such as IL-1β, IL-6, TNF-α and adhesion molecules ([@bib26]). Therefore, ageing is not only associated with alterations in the adaptive immune response, but also with a proinflammatory state in the host ([@bib166]). Oxidative stress and Toll-like signalling, via NF-κB triggered by viral pathogens like SARS-CoV, may further amplify the host response, ultimately leading to acute lung injury ([@bib72]).

Influenza A Virus {#sec3}
=================

Background {#sec3.1}
----------

Influenza was first described as epidemics of acute, rapidly spreading catarrhal fevers in man and the first epidemic was most probably described by Hippocrates in 412 B.C. ([@bib12], [@bib31]). Epidemics or pandemics of influenza have occurred throughout the last 2,500 years of history. Today, human influenza occurs yearly as seasonal influenza, mainly in the winter months of temperate climates, every year as interpandemic epidemics, and, sporadically at an average of 35 year intervals, as more severe influenza (i.e. pandemics). Seasonal influenza and interpandemic epidemics occur as a result of mutations in influenza viruses that are circulating in the human population (antigenic drift). In contrast, influenza pandemics occur as a result of the introduction of an animal influenza virus or a human--animal influenza reassortant virus in which the surface glycoprotein haemagglutinin, with or without other virus proteins, substantially differs antigenically from those circulating in the human population (antigenic shift) ([@bib31]).

Since 1900, there have been four pandemics of human influenza: 1918 H1N1 'Spanish' influenza, 1957 H2N2 'Asian' influenza, 1968 H3N2 'Hong Kong' influenza and the 2009 H1N1 'Swine' influenza ([@bib31], [@bib120]). Of these, the 1918 'Spanish' influenza pandemic was the worst, causing acute illness in 25--30% of the world population and the death of nearly 50 million people ([@bib135], [@bib76], [@bib133]). Most of the fatalities occurred among 15--34 year olds, with primary acute interstitial pneumonia, pulmonary haemorrhage and pulmonary oedema, often with secondary bacterial pneumonia ([@bib135], [@bib133]).

Influenza A virus infections occur in both mammals and birds and are classified, based on surface glycoproteins, into 17 haemagglutinin (HA) (H1--H17) and nine neuraminidase (NA) (N1--N9) subtypes ([@bib173], [@bib184]). Avian influenza virus can be of high or low pathogenicity (HPAI or LPAI) based on the pathogenicity for chickens. During human infection, human influenza viruses use host trypsin-like proteases in the respiratory tract to cleave HA, while LPAI viruses replicate in both the respiratory and the digestive tracts of birds ([@bib210]). HPAI viruses use a wide range of proteases allowing replication outside the respiratory tract in chickens ([@bib67]).

The HPAI virus H5N1 was initially present in poultry, but in 1997 it crossed the species barrier and infected men in China ([@bib28]). H5N1 continues to circulate among poultry in many countries in Asia, Africa and Europe, and occasionally spreads to people, often with fatal consequences. H5N1 is the first avian influenza virus to cause significant numbers of human infections and deaths (i.e. 604 infections with 357 fatalities since January 2004) ([@bib173], [@bib212]).

At the start of April 2009, a novel H1N1 influenza A virus (pH1N1) was identified as the cause of acute respiratory disease of people in Mexico ([@bib46]). This virus was a complex reassortant influenza A virus, which had not been previously reported in animals, but had gene segments related to North American classic H1N1 swine viruses (haemagglutinin, nucleoprotein and non-structural gene segments), North American avian viruses (polymerase A and B2 genes), human influenza A virus (polymerase B1 genes) and Eurasian H1N1 swine viruses (neuraminidase and matrix genes) ([@bib46]). On 1 August 2010, at the end of the pandemic, more than 214 countries had reported laboratory confirmed cases of this pH1N1, including at least 18,449 deaths ([@bib211]).

The Pathology of Influenza in Man {#sec3.2}
---------------------------------

Uncomplicated influenza is a mild inflammation of the upper respiratory tract that consists mainly of rhinitis, paranasal sinusitis, pharyngitis and laryngitis. Histopathology demonstrates diffuse, superficial, necrotizing tracheobronchitis characterized by desquamation of epithelial cells, oedema and hyperaemia in the lamina propria and infiltration with lymphocytes and histiocytes. The inflammation is short lasting: epithelial regeneration is already visible within 2 days after onset of symptoms ([@bib200]).

Viral pneumonia is a complication of influenza virus infection. Gross examination of the lungs shows extensive consolidation with varying degrees of haemorrhage. Histopathology caused by influenza virus infection of the alveoli consists of DAD, which has the same general pathological features as in SARS, except that syncytia are not observed and in the fibrotic phase there is no bronchiolitis obliterans organizing pneumonia-like appearance ([@bib128], [@bib179]). Influenza viral pneumonia often occurs together with, or is followed by, bacterial pneumonia.

The pathology of pH1N1 infection in fatal human cases when compared with human cases of H5N1 infection showed similar DAD. However, fatal cases of pH1N1 infection showed more inflammation in the nose, trachea, bronchi and bronchioles, a feature that was also seen in fatal cases of seasonal influenza ([@bib56], [@bib55]). H5N1 virus infection has also been associated with extrarespiratory disease. In the lymphoreticular system there was marked histiocytic hyperplasia and reactive haemophagocytic syndrome. Other lesions included atrophy of white pulp in the spleen, centrilobular necrosis in the liver, acute tubular necrosis in the kidney, necrosis of skeletal muscle fibres and necrosis in the brain with microglial nodules ([@bib182], [@bib139], [@bib25], [@bib189]). Infection with pH1N1 rarely demonstrates haemophagocytosis or neuromuscular and cardiac complications ([@bib155]). Infection with seasonal influenza virus primarily infects and causes disease in the respiratory tract and is associated, albeit to a lesser extent, with disease in extrarespiratory organs. These include influenza-associated acute encephalopathy ([@bib169]), myocarditis ([@bib145]) and myopathy ([@bib1]).

Animal Models for Human Influenza {#sec3.3}
---------------------------------

Animal models help both to better understand influenza in man and to develop medical countermeasures against this disease. Forms of influenza in man for which animal models have been developed include uncomplicated influenza, influenza pneumonia, influenza-associated bacterial sepsis, influenza-associated neurological disease, influenza in immunocompromised hosts and virus transmission ([@bib6]). Specific goals for which animal models are designed are to determine transmissibility of different viruses, virulence of different viruses, pathogenesis of viral infection and efficacy of vaccines or antiviral drugs.

Experimental animal species used include the laboratory mouse, domestic ferret ([@bib8]), Syrian hamster ([@bib43]), chinchilla ([@bib47]), domestic horse ([@bib203]), laboratory rat ([@bib158]), domestic dog ([@bib48]), domestic cat ([@bib148]), cotton rat ([@bib15]), domestic pig ([@bib106]), guinea pig ([@bib91]) and non-human primates (e.g. squirrel monkeys, cynomolgus macaque and rhesus macaque) ([@bib125], [@bib87], [@bib22]). Cynomolgus macaques have been used in pathogenesis studies and vaccination studies ([@bib84]). Ferrets have been used to model uncomplicated upper respiratory tract infection, to model viral pneumonia and to model influenza virus transmission among people ([@bib123], [@bib193]). Cats have been used to model systemic disease after infection with H5N1 influenza and to investigate the pathogenesis of H5N1 ([@bib148]). The lesions of macaques, ferrets and cats infected with H5N1 match the clinical signs, virus replication and associated lesions in the respiratory tract, followed by death as is seen in man. However, there are differences between animal species and people infected with influenza virus. Therefore, the animal model used for severe disease in man needs proper consideration of all aspects of the model including animal species, inoculation route and inoculum dose. This review focuses on the pathological changes related to the pathogenesis of different influenza virus infections in macaques, ferrets and cats.

### Non-Human Primates {#sec3.3.1}

The cynomolgus macaque is a non-human primate that is often used as an animal model for human disease caused by influenza virus infection ([@bib87], [@bib62]). Experimental H5N1 infection in cynomolgus macaques causes both morbidity and mortality ([@bib88]). Microscopical lesions are centred in the alveoli and bronchioles and consist of DAD that is more severe than for human influenza viruses ([Table 2](#tbl2){ref-type="table"}, [Fig. 1](#fig1){ref-type="fig"}) ([@bib149], [@bib87], [@bib84]). Extrarespiratory tissues do not show histological lesions ([@bib149], [@bib87], [@bib7], [@bib22]), although suppurative tonsillitis, lymphocytic necrosis in lymphoid organs, hepatic necrosis and renal tubular necrosis are seen rarely ([@bib149], [@bib87]). Experimental pH1N1 infection in cynomolgus macaques causes morbidity, but no mortality. Microscopical lesions consist of multifocal moderate DAD ([Table 2](#tbl2){ref-type="table"}). In addition, there is moderate bronchiolitis and mild bronchitis, tracheitis and rhinitis. The severity of pH1N1-induced pulmonary lesions is higher than those induced by seasonal influenza H1N1, but lower than those induced by H5N1. Experimental seasonal influenza virus infection in cynomolgus macaques also causes morbidity, but no mortality. Microscopical lesions consist of focal to multifocal mild DAD with mild necrosis and no oedema, hyaline membranes or lesions in the other parts of the respiratory tract ([@bib62]).

### Carnivores {#sec3.3.2}

A more frequently used animal species in influenza research is the ferret. Intratracheal inoculation of influenza virus into ferrets causes high morbidity and mortality for H5N1 ([@bib156], [@bib49], [@bib17]), moderate morbidity and low mortality for pH1N1 ([@bib193]) and neither obvious morbidity nor mortality for seasonal influenza virus ([@bib228]). This corresponds to differences in severity of pulmonary lesions (consisting of DAD), which is high for H5N1 ([Fig. 1](#fig1){ref-type="fig"}), intermediate for pH1N1 and low for seasonal H1N1. The extent and distribution of the lesions throughout the respiratory tract also differ between the viruses ([Table 2](#tbl2){ref-type="table"}). Extrarespiratory lesions are limited to H5N1 infection and consist of non-suppurative necrotizing encephalitis ([@bib14]), multifocal hepatitis, necrosis and hyperplasia of bile duct epithelium ([@bib49], [@bib220], [@bib14], [@bib88]).

When pH1N1 is inoculated intranasally into ferrets instead of intratracheally, lesions occur higher in the respiratory tract and consist of a mild to moderate necrotizing bronchiolitis, bronchitis, tracheitis and rhinitis ([@bib123]). Intranasal inoculation of H5N1 in ferrets results primarily in encephalitis, compared with pneumonia after intratracheal inoculation ([@bib13], [@bib160]). This illustrates the effect of route of inoculation on the pathogenesis of experimental influenza virus infection ([@bib13]).

The temporal and spatial dynamics after combined intranasal and intratracheal inoculation of influenza virus in ferrets differ between viruses ([@bib192]) ([Fig. 3](#fig3){ref-type="fig"} ). H5N1 infection causes predominantly moderate DAD and bronchiolitis, starting at 12 h post infection (hpi), developing into severe DAD with oedema from 1 to 4 days post infection (dpi) and necrosis and inflammation in the bronchus, trachea and nose. pH1N1 infection causes mild lesions at 12 hpi, developing into moderate to severe lesions from 1 to 7 dpi, with more involvement of the nose when compared with ferrets infected with H5N1. At 14 dpi the lesions are again mild ([@bib192]). Human seasonal influenza virus infection does not consistently cause viral pneumonia, but is limited mainly to bronchiolitis, bronchitis, tracheitis and rhinitis ([@bib172], [@bib123]).Fig. 3Virus antigen expression (IHC) and histopathology (HE) of respiratory tissue in ferrets infected with different influenza viruses; seasonal H3N2 (A--D), pH1N1 (E--H) and H5N1 (I--L). Bars, 50 μm (bronchiole). Bars, 25 μm (alveoli).

Several felid species are susceptible to severe or fatal disease from influenza virus infection, as suggested by natural cases of H5N1 and/or pH1N1 infection in cats, tigers and leopards ([@bib82], [@bib108], [@bib168], [@bib194]). Intratracheal inoculation of influenza virus into cats causes morbidity and mortality for H5N1 ([@bib148]), morbidity, but no mortality for pH1N1 and lack of infection for seasonal H3N2 ([@bib148], [@bib194]). This corresponds to more severe DAD for H5N1 than for pH1N1, as seen in ferrets ([Table 2](#tbl2){ref-type="table"}). Extrarespiratory lesions, characterized by inflammation and necrosis in the brain, heart, kidney, liver and adrenal gland, are limited to H5N1 infection ([@bib148]), and are much more extensive than in ferrets.

Comparative Pathology {#sec3.4}
---------------------

The pathological changes of influenza virus infection in fatal human cases and in laboratory animals show both differences and similarities ([Table 2](#tbl2){ref-type="table"}). These can be compared according to localization, character, severity and temporal changes in the lesions, and the degree of extrarespiratory spread. Firstly, the localization of the lesions in the respiratory tract, between different viruses, in general is similar for man and laboratory animals. In seasonal influenza infection, the upper respiratory tract is mostly affected, in pH1N1 infection, all parts of the respiratory tract are affected, and in H5N1 infection, the lower respiratory tract is mostly affected ([@bib56], [@bib161], [@bib192]). There are some differences in localization, since H5N1 infection in laboratory animals involves more of the air-conducting parts of the respiratory tract than in man, and vice versa for pH1N1 and seasonal influenza virus infections. Secondly, the character of the respiratory tract lesions is similar for man and laboratory animals. This includes the alveolar lesions after infection with H5N1 and pH1N1. These alveolar lesions result in DAD characterized by necrosis of epithelial cells, oedema, infiltration of inflammatory cells and epithelial regeneration. Thirdly, the severity of the respiratory tract lesions appears greater in man than in laboratory animals. For example, fatal human cases often show alveolar oedema and hyaline membranes, which are less common in laboratory animals. One factor may be that laboratory animals are killed before severe disease or death occurs. Fourthly, the temporal dynamics of influenza virus infection in ferrets may reflect the differences in the age of pathological changes in fatal human cases due to the duration of their illness before dying. Fifthly, the degree of extrarespiratory involvement of H5N1 infection in man is difficult to compare with that in laboratory animals because it is so poorly described in man. The involvement of the CNS in some human cases of H5N1 infection ([@bib32]) appears similar to that in ferrets, where extrarespiratory spread often is limited to the CNS. In contrast, extrarespiratory spread of H5N1 in man is probably not as common or as widespread as in cats ([@bib148]). Overall, many features of the pathological changes in man and laboratory animals are similar. The choice of animal model, including laboratory animal species, route of virus inoculation and dose of inoculum, will depend on the specific feature of influenza in man that one wishes to study.

The Pathogenesis of Influenza Virus Infection in Man {#sec3.5}
----------------------------------------------------

As in SARS, the pathology of influenza in fatal human cases can be related to factors that have been proven important in influenza virus infection: virus-specific factors and host-specific factors ([Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}).

### Virus-specific Factors: (1) Receptor Specificity {#sec3.5.1}

As in SARS-CoV infection, the route of entry is airborne transmission into the respiratory system. Attachment of the viral haemagglutinin to its host cell receptor is the first step in the influenza virus replication cycle. The receptor on the surface of the host cell is a sialic acid (SA)-terminated glycan. Human-adapted influenza viruses prefer binding of an α-2,6 SA linkage, which is present throughout the human respiratory tract, while avian influenza viruses prefer binding by an α-2,3 SA linkage, which is abundantly present in the respiratory and intestinal tract of aquatic birds ([@bib29], [@bib163]). Because different influenza viruses use different SAs as their receptor, and because the expression of SAs differs both across the respiratory tract and across species, this step influences both the pattern of disease in the respiratory tract and the host range of virus infection.

In people, human-type receptors are predominantly expressed on the epithelium of the upper part of the respiratory tract (i.e. nose, trachea and bronchi), while avian-type receptors are mainly expressed in the epithelium of the lower part of the respiratory tract (i.e. bronchi, bronchioles and type II pneumocytes) ([@bib163], [@bib130]). Where virus attachment studies show the cells to which influenza viruses bind, virus antigen expression studies (using IHC) show in which cells influenza viruses actually replicate.

### Virus-specific Factors: (2) Direct Cytopathic Effect {#sec3.5.2}

The severe damage to type I and type II pneumocytes allows fluid to flood into and accumulate in the alveolar lumina. This has severe consequences for the gas exchange function of the respiratory tract, resulting in severe and, in some cases, fatal respiratory dysfunction as is also seen in SARS-CoV infection ([@bib201]). Damage to the alveolar epithelium is in part due to the direct cytolytic effect of virus infection. The cytolytic effect could be due to necrosis or apoptosis as a result of replication of the virus. Direct cytopathic damage is suggested by high virus titres found in severely damaged lung tissue as well as in throat or nose swabs ([@bib65], [@bib139]), while virus antigen expression in epithelial cells was associated with severe DAD ([@bib189], [@bib188], [@bib88]).

### Host-specific Factors: (1) Immune and Inflammatory Cells {#sec3.5.3}

As in SARS, immune cells such as lymphocytes, monocytes and neutrophils play a role in the lesions caused by influenza virus infection. In fatal human cases of H5N1 and pH1N1 infections, lymphopenia was associated with severe disease ([@bib224], [@bib141]).

### Host-specific Factors: (2) Cytokines {#sec3.5.4}

As in SARS, fatal infection with H5N1 is associated with elevated concentrations of serum cytokines ([@bib33], [@bib188]). Chemokines and cytokines such as IP-10, MIG, MCP-1, IL-8, IL-10, IL-6, IL-1α and -β, and IFN-γ are elevated in the serum of patients infected with H5N1 and are particularly high in fatal cases. The cytokine levels correlate with the pharyngeal viral load, suggesting that the increased levels may reflect the viral replication ([@bib33]). Cytokine levels are not only elevated in the serum, but high expression of TNF-α also is detected in the lungs of fatal cases of H5N1 infection ([@bib139]). The high viral load accompanied by high cytokine response may suggest a balanced response.

### Host-specific Factors: (3) Risk Factors {#sec3.5.5}

Important host-specific risk factors for severe disease from human seasonal influenza virus infection are advanced age, co-morbidities such as pulmonary disease and cardiovascular disease, and pregnancy ([@bib119], [@bib179]). Risk factors for severe disease from pH1N1 infection are in general similar to those for human seasonal influenza virus. In addition, they include diabetes, hypertension and obesity. Interestingly, advanced age does not appear to be a risk factor for severe disease from pH1N1 or H5N1 infections. Most patients with pH1N1 infection were (young) adults, with a median age of 36 years ([@bib161]), while most severe human cases of H5N1 infection were previously healthy, with a median age of 18 years ([@bib212]). In addition, the difference in disease between species is another important host-specific factor.

Advanced age as a risk factor for severe disease from seasonal influenza virus infection may be related to increased host responses and decreased defence mechanisms against redox-induced damage, as is seen in SARS-CoV infection. The different age distribution of disease and fatality from H5N1 infection may reflect age-related patterns of exposure or risk behaviour such as close contact with sick poultry or age-related host resistance ([@bib136]). The different age distribution of fatality from pH1N1 infection is probably related to the presence of immunity from previous infections with H1N1 influenza viruses in older people. Because these viruses were antigenically related to pH1N1, the antibodies were cross-reactive and therefore protected from severe disease from pH1N1 infection ([@bib60]).

Other host-specific factors such as pre-existing morbidities and pregnancies, which are risk factors for seasonal and pH1N1 infection, may be related to a compromised immune system in chronically ill patients and pregnant women as well as aerodynamic ventilation problems in advanced pregnancy and obesity.

The Pathogenesis of Influenza Virus Infection in Animal Models {#sec3.6}
--------------------------------------------------------------

### Virus-specific Factors {#sec3.6.1}

The receptor distribution differs between man and different animal species, as is determined by virus attachment studies ([Table 2](#tbl2){ref-type="table"}, [Fig. 2](#fig2){ref-type="fig"}) ([@bib199]). Those studies reveal that for H5N1 the virus attachment pattern in respiratory tissues of cats best resembles that of man. For seasonal influenza virus, the virus attachment pattern in respiratory tissues of ferrets best resembles that of man. For pH1N1, there are few data about virus attachment in animals.

Both the pattern of virus attachment and pattern of virus antigen expression are linked to the severity of disease and pattern of lesions in the respiratory tract in man and animals infected with influenza viruses ([Table 2](#tbl2){ref-type="table"}). Overall, the pattern of virus attachment and pattern of virus antigen expression corresponds with each other, but not always. A first reason for this discrepancy may be that, like SARS-CoV, influenza viruses also require other co-receptors or other factors for attachment and/or replication. A second reason may be the influence of surfactant proteins that protect against influenza in man and pigs and possibly in other animal species, explaining virus attachment without virus antigen expression ([@bib10]).

To choose the most appropriate laboratory animal species for animal models of influenza in man, it is useful to compare the pattern of virus antigen expression among species ([Fig. 1](#fig1){ref-type="fig"}). For H5N1, the pattern of virus antigen expression shows more pulmonary epithelial cell types showing virus antigen expression in laboratory animals than in man. For pH1N1, the pattern of virus antigen expression in ferrets most closely resembles that in man. For seasonal influenza viruses, the pattern of virus antigen expression differs between man, cynomolgus macaques and ferrets. When comparing the results of virus antigen expression studies in experimentally infected animals and fatal human cases, the following factors need to be taken into account: route of virus entry, dose of virus inoculum, stage of disease at which tissue samples are taken, and immune status. The route of entry in animal models is mostly by intranasal or intratracheal inoculation, while in man it is by air through small or large droplets. The dose of the virus inoculum in animal experiments is usually much higher than in human infection. Tissue samples are often taken at an earlier, less severe stage of disease in laboratory animals than in man. Tissue sampling in laboratory animals is usually from non-fatal cases, because the animals are killed before they succumb to the infection. In contrast, tissue sampling in people is usually from fatal cases, where patients have died after protracted disease and multiple therapeutic interventions. Finally, the immune status is different: laboratory animals are usually naïve to influenza virus, while many people have specific immunity, which may alter the course of subsequent influenza virus infections.

In animal models, high virus titres in the lungs strongly suggest active viral replication in those tissues with subsequently more damage ([@bib228], [@bib49], [@bib112], [@bib148]). Apoptotic damage is suggested by experiments with TNF-related apoptosis-inducing ligand (TRAIL)-expressing macrophages that induced epithelial cell apoptosis in influenza virus pneumonia ([@bib174], [@bib111], [@bib63]). Additionally, apoptosis may be induced by up-regulation of certain chemokines and cytokines ([@bib188]). These findings suggest that direct damage of the virus by cytopathic and apoptotic mechanisms is important in the development of pathological changes in influenza virus infections. However, damage due to other mechanisms, such as indirect damage of the host response, cannot be excluded.

The differences in genetic factors of the different influenza viruses have a substantial impact on the outcome of disease after infection. Influenza viruses change over time due to antigenic shift and drift. Avian influenza viruses are known to infect people and pigs and are endemic among poultry without overt disease. When such avian viruses combine gene segments and surface proteins from human or porcine influenza viruses due to reassortment, the reassortants may have altered receptor binding properties, leading to enhanced ability to infect and spread among people. The presence of cross-reactive antibodies against other subtypes may explain the relatively low mortality in older pH1N1 patients due to cross-reactive antibodies acquired during previous influenza infection. The differences in disease after infection with various subtypes indicate the importance of virus-specific genetic factors in the course of the disease.

### Host-specific Factors {#sec3.6.2}

After H5N1 inoculation, the number of monocytes in the blood and alveoli of ferrets decreased and remained low, suggestive of exhaustion of the bone marrow ([@bib187]). After pH1N1 inoculation there was an increase in blood monocytes a few days later ([@bib192]). Additionally, the neutrophil count in the blood of ferrets was lower with H5N1 infection than with pH1N1 infection, as was also seen in human cases ([@bib64]). This decreased neutrophil count may be attributed to a higher demand of neutrophils than can be met by myelopoiesis. This is corroborated by the high number of immature neutrophils in the blood, again suggesting exhaustion of the myelopoietic component.

Host genetic factors that influence the outcome of the disease are not known for man or animals. Differences in histopathological changes, antigen expression and receptor specificity between people and laboratory animal species are species related, as was seen in SARS-CoV infection. Macaques infected with H5N1 displayed severe disease and activation of proinflammatory cytokine and chemokine responses ([@bib7]). In ferrets, H5N1 infection also induced severe disease associated with strong expression of interferon response genes, including the IFN-γ-induced chemokine CXCL10. When those ferrets were treated with an antagonist of the CXCL10 receptor (CXCR3), the severity of H5N1-related disease and the viral titres were reduced when compared with controls ([@bib17]). For pH1N1, the abundance of neutrophils and macrophages in pulmonary lesions corresponded with up-regulation of CCL2, CCL3, CCL8, CXC10, IL-8 and CXCL1, which are known chemoattractants for neutrophils and monocytes, as is seen in macaques. Compared with lungs of cynomolgus macaques infected with seasonal human H1N1 virus, concentrations of MCP-1, MIP-1α, IL-6 and IL-18 were higher. This is in line with the more severe pulmonary lesions in cynomolgus macaques infected with pH1N1 than with seasonal human influenza H1N1 virus ([@bib74]). On the contrary, alveolar macrophages infected with H5N1 did not induce excessive TNF-α. However, alveolar macrophages were infected more abundantly by H5N1 than by seasonal H1N1 or pH1N1 ([@bib198]). Therefore, the imbalance in the level of virus infection and resultant cytokine and chemokine production may at least in part contribute to the development of lesions after infection with H5N1 and pH1N1.

Comparing the Pathology and Pathogenesis of Severe Acute Respiratory Infection Syndrome and Influenza {#sec4}
=====================================================================================================

When comparing SARS and influenza, there are both similarities and differences in pathology and pathogenesis ([Table 3](#tbl3){ref-type="table"}). In both diseases the respiratory tract is the main tissue affected and the changes are characterized by DAD and bronchiolitis, including necrosis, oedema and inflammation. The most obvious differences in histopathology include the multinucleated giant cells and the intra-alveolar fibrosis in SARS and the more fulminant necrotizing and hemorrhagic pneumonia in H5N1 influenza. However, there are many differences in the outcome of disease after infection with different influenza viruses.

When evaluating the relationship between the pathology and the pathogenesis of SARS and influenza in the alveoli, certain virus-specific and host-specific factors are important ([Table 4](#tbl4){ref-type="table"}). SARS and influenza show a similar character of lesions, typified by necrosis and inflammation. Firstly, the necrosis that is seen in the lungs with both SARS and influenza can in part be explained by a direct cytopathic effect or apoptotic mechanisms. These mechanisms lead to damage of epithelial cells, increased permeability of the alveolar epithelium, damage of endothelial cells and subsequent oedema and haemorrhage, followed by formation of hyaline membranes ([@bib11]). Secondly, the necrosis and inflammation in SARS and influenza can additionally be attributed to the dysregulation of cytokine and chemokine production. Dysregulation of cytokines and chemokines in SARS-CoV and H5N1 virus infection correlates with high viral loads in pharyngeal swabs and more severe pathological changes in severe or fatal cases ([@bib33], [@bib18], [@bib34]). Proinflammatory cytokines such as IL-6 and IL-8, IP-10 and MCP-1 attract immune cells that constitute the inflammatory infiltrate, which leads to even more production of cytokines and chemokines ([@bib180], [@bib11], [@bib181]). Together with the activation of oxidative stress mechanisms that are induced by the up-regulated cytokines, there is further cellular damage and inflammation resulting in DAD ([@bib186]). Additionally, the infiltration of neutrophils results in a release of lytic enzymes that cause further necrosis of epithelial cells and the infiltration of cytotoxic T cells that results in necrosis of infected epithelial cells.

The site of the lesions caused by SARS-CoV and influenza virus is related to the receptors, and although each virus uses different receptors, the role of the receptors in the development of disease is crucial in both infections. For infections with SARS-CoV and influenza viruses, there is a correlation between the distributions of the receptor, the tropism of the virus and the associated lesions ([Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). However, not all differences in the pathology between various animal species can be explained by the differences in receptor distribution ([Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}). This implies that other receptors and factors also play a role in the attachment, replication, infectiousness and virulence of both viruses ([@bib94], [@bib130]).

There are two pathological features that are remarkable in both SARS-CoV and influenza virus infections: pulmonary fibrosis and tracheobronchoadenitis. First, in severe human cases of both SARS and influenza there is marked loss of alveolar epithelial lining, which may lead to re-epithelialization and recovery, to death or to pulmonary fibrosis. Late stages of fatal human cases of SARS were characterized by intra-alveolar and intrabronchiolar fibrosis, and in approximately 62% of non-fatal SARS cases there was evidence for fibrosis in thin section computed tomography (CT) 1 month later ([@bib42]). In contrast, interstitial fibrosis has been described in only a few fatal cases of H5N1 influenza, including in two case descriptions with radiological follow-up showing fibrosis-related changes ([@bib182], [@bib2]). For pH1N1 influenza, pulmonary fibrosis was also seen in only a few cases by follow-up CT and the fibrosis often disappeared after 1 month ([@bib4], [@bib118]). The importance of the previously mentioned factors for fibrosis in SARS is not clear. Unfortunately, fibrosis is not a prominent feature of SARS-CoV or influenza virus infection in laboratory animals. This may be explained in part by the less severe lesions and the early time point at which the animals are killed. Therefore, this phenomenon is difficult to study in animal models. The reason for the severe fibrosis in fatal human cases of SARS remains unclear and needs further investigation. Secondly, tracheobronchoadenitis was demonstrated in SARS-CoV infection in cats and young macaques ([@bib191], [@bib166]) and in pH1N1 virus infection in ferrets and was clearly associated with expression of virus antigen ([@bib192]). This finding has potentially important implications for the excretion of those viruses. Excretion of virus might increase due to infection of the tracheobronchial submucosal glands and a diminished efficient defence by the mucociliary system, and virus secreted by these glands into the trachea and bronchi is more likely to be expectorated than virus produced lower in the respiratory tract.

Ageing is an important host factor associated with increased morbidity and mortality from infections with SARS-CoV and human seasonal influenza virus ([@bib116], [@bib137]). This phenomenon is also seen in a variety of other viral infections, such as West Nile virus and norovirus infections, probably because the elderly respond poorly to new antigens compared with younger people due to immunosenescence ([@bib142], [@bib104], [@bib117], [@bib124], [@bib159]). Immunosenescence is a multifactorial process that is associated with thymic involution, chronic antigen stimulation due to persistent infections, signal transduction changes in immune cells and protein--energy malnutrition ([@bib44]). Although all components of immunity are affected with ageing, the T cells are the most susceptible and the increased susceptibility to lower respiratory tract viral infections is particularly related to defective T cell responses ([@bib44], [@bib66], [@bib78]). Additionally, advanced age causes a general increase in the levels of proinflammatory cytokines in plasma, resulting in an age-related increase of inflammation ([@bib159]). Increased amounts of proinflammatory cytokines, such as IL-1β and IL-8, were produced upon stimulation of leucocytes in the elderly, while induction of antiviral type I IFNs was decreased compared with young adults ([@bib150], [@bib222], [@bib83]). Moreover, ageing results in less protection against the oxidative stress that is induced by virus infections and overreacting proinflammatory responses ([@bib26]).

Other factors related to the severity of disease in SARS, seasonal influenza and pH1N1 infection are pre-existing co-morbidities (e.g. diabetes mellitus and cardiopulmonary disease), pregnancy and sex. Pre-existing co-morbidities and pregnancy are associated predominantly with suppression of the immune response, as is seen in older patients. In SARS, male sex is correlated with more severe disease, while in H5N1 infection females appear to have a worse outcome than males, although not significantly ([Table 4](#tbl4){ref-type="table"}) ([@bib80], [@bib109], [@bib212]). Interestingly, a sex difference in the pathology of immune responses after viral infection is suggested, since influenza virus infection of mice results in greater neutrophil influx and more severe lesions in females than in males ([@bib81]).

When comparing the influenza virus infections in man, it is remarkable that H5N1 appears more likely to spread to extrarespiratory tissues than seasonal influenza virus ([@bib33]). In patients infected with H5N1, diarrhoea was associated with the detection of H5N1 RNA in faeces; it was suggested that the virus may infect the gastrointestinal tract directly or after subsequent dissemination via blood, since H5N1 RNA was also detected in plasma ([@bib8], [@bib189], [@bib27], [@bib33]). The hypothesis that H5N1 could enter the human host via the gastrointestinal tract is supported by the results of experimental H5N1 infections in cats. Intestinal H5N1 inoculation resulted in viral replication in the capillary endothelium of the intestinal mucosa, which was not seen in cats infected intratracheally ([@bib148], [@bib146]). Like H5N1 influenza, SARS in man is a respiratory disease with extrarespiratory virus dissemination, as demonstrated by antigen expression in several organs and excretion of virus via respiratory secretions, stool, urine and possibly sweat ([@bib35], [@bib40]). Additionally, diarrhoea was seen in SARS, with active viral replication in enterocytes but minimal disruption of the intestinal architecture or cellular infiltration. Up-regulation of the potent immunosuppressive cytokine TGF-β ([@bib23]) and an anti-apoptotic host cellular response in the intestinal epithelial cells ([@bib137]) may be a cause for the diarrhoea. Spread to other extrarespiratory tissues, such as the CNS, has been noted in H5N1 infection of mammals such as mice, ferrets and felids ([@bib105], [@bib175], [@bib82]), but has been recorded rarely in human H5N1 infections ([@bib121], [@bib171], [@bib32], [@bib53]). For SARS in man, no involvement of the CNS has been seen.

Concluding Remarks {#sec5}
==================

Points to Consider when Using Animal Models {#sec5.1}
-------------------------------------------

SARS-CoV and influenza virus infections in experimental animals demonstrate different pathways that result in similar disease overall, which can be compared with the situation in fatal human cases ([Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}). Samples taken from fatal human cases of SARS-CoV and influenza virus infections often do not represent the full range of the different temporal stages of a disease. Instead, they are more likely to represent late-stage disease. In addition, the lesions caused by the viral infection may be complicated by lesions caused by clinical treatments and concurrent pre-existing disease. Therefore, to be able to study the course of the disease caused by these viruses, good animal models are necessary for SARS-CoV and influenza virus infections in man. Good animal models for SARS and influenza in man should ideally show virus replication dynamics, clinical illness and pathological changes that resemble those of human cases. The choice and design of an animal model used in an experiment is crucial for the outcome of the investigation and should be considered carefully. Time course experiments provide information about the temporal and spatial dynamics that help to design such animal models, including which time points and which samples are best to gain the most useful information ([@bib192]). Not only the best time points and analyses of the most informative samples should be considered carefully, but also the animal species, the inoculation route and the age of the animals are important, as is shown by studies of H5N1 influenza in ferrets and of SARS in aged mice and macaques ([@bib153], [@bib166], [@bib13]). Taken together, animal models should be designed specifically to address the aspect of SARS or influenza in man that one is interested in, since no one animal model can hope to address all the variation that is inherent in these viral diseases.

Although current animal models do not fully mimic the disease in fatal human cases of SARS, they can be useful in pathogenesis and vaccination studies. For pathogenesis studies, SARS-CoV need not cause mortality in the animal model, since the vast majority of human SARS cases are not fatal. For vaccination studies, virus replication, virus excretion, antibody titres and pathology scores are useful parameters for assessing the level of protection against infection and disease.

In designing animal models for SARS, important factors are the species and age of the laboratory animal used. Non-human primates, especially aged cynomolgus macaques and AGMs, most closely reflect the pathology in fatal human SARS by demonstrating typical pathological features such as hyaline membranes and syncytial cells on SARS-CoV infection ([@bib167]). However, the severity of the clinical signs and lesions, level of mortality and extent of antigen expression in non-human primates is less ([Table 1](#tbl1){ref-type="table"}) ([@bib129]). The variation in pathological changes and cytokine profiles among different non-human primate species, as well as among age groups within each species, may reflect the variation in severity of disease among people. For example, the mild degree of pneumonia in SARS-CoV-infected young-adult cynomolgus macaques may resemble the milder cases of SARS in man ([@bib89], [@bib143], [@bib95], [@bib166]). While aged cynomolgus macaques are good animal models for pathogenesis studies, vaccination studies and intervention studies of fatal SARS in man, large disadvantages are ethical, cost-related and housing problems. Ferrets infected with SARS-CoV only partly resemble fatal human SARS in terms of clinical illness, mortality and typical histopathological features ([Table 1](#tbl1){ref-type="table"}) ([@bib191]). Moreover, methods for measuring gene expression profiles of ferrets are not yet fully developed. Nevertheless, ferrets can be used for pathogenesis and vaccination studies because they show SARS-CoV-associated pulmonary lesions and develop humoral immunity associated with reduced virus replication on vaccination. Cats infected with SARS-CoV show fewer similarities with the human situation and have greater ethical, cost-related and housing problems. Therefore, they are used less as animal models for human SARS ([@bib191]). Although not discussed here, the use of aged BALB/c mice as an animal model for fatal human SARS may be an alternative, since there are many difficulties in the use of aged macaques ([@bib170]). Recombinant zoonotic and early phase SARS-CoV infection of these mice results in clinical signs, virus replication, pulmonary lesions and associated virus antigen expression in type II-resembling pneumocytes, bronchiolar and bronchial epithelial cells that partly resemble the features seen in fatal human SARS ([@bib153]). Therefore, aged BALB/c mice may be used for pathogenesis, antiviral and vaccination studies. A disadvantage may be age-related disease or mortality not related to SARS-CoV infection, which may influence the results.

In designing animal models for influenza, an important factor is the route of inoculation, because it can markedly affect the outcome of infection. Therefore, route of inoculation often depends on the purpose of the experiment. Transmission studies (at least in ferrets) may well use intranasal inoculation, which favours replication in the nose rather than in the lungs. This may correlate with virus excretion from the nose and minor pulmonary lesions. Additionally, intranasal inoculation in ferrets results in encephalitis, sometimes without pneumonia ([@bib13]), and therefore this is not a good route for inducing viral pneumonia. In contrast, intratracheal inoculation favours replication in the lungs and is more likely to result in severe pneumonia, which makes this route of inoculation useful for pathogenesis and vaccination studies for viral pneumonia ([@bib193]).

Another important factor in designing an animal model for influenza, as in SARS, is the species of laboratory animal used. In cynomolgus macaques, the outcome of infection differs markedly according to the influenza virus used ([Table 2](#tbl2){ref-type="table"}) ([@bib62]). Therefore, cynomolgus macaques are probably not the best species to use for pathogenesis studies of fatal human disease from pH1N1 or seasonal influenza virus infections. However, because these viruses do replicate and cause virus-associated lesions, cynomolgus macaques may be useful for vaccination studies. In contrast, cynomolgus macaques infected with H5N1 show similar features as fatal human H5N1 infection and therefore can be used for pathogenesis, vaccination or therapeutics studies of H5N1 infection. Ferrets infected with different influenza viruses show similar virus replication dynamics, clinical illness, virus associated pathological changes and virus attachment patterns as in man ([Table 2](#tbl2){ref-type="table"}), and therefore are often used in animal models for various purposes. Cats infected with H5N1 show similar pathology of the respiratory tract, but additionally demonstrate a more widespread systemic infection than is seen in human cases. The virus antigen expression and virus attachment patterns in cats show differences and similarities similar to the case in ferrets. The systemic dissemination makes the cat less useful for animal models of fatal human H5N1 pneumonia or vaccination studies, since extrarespiratory replication and inflammation can influence the results. Taken together, ferrets are a good animal species to model fatal human influenza; however, there are species differences between man and ferrets, as well as differences between laboratory and field conditions. Therefore, the conclusions from ferret studies need thorough assessment to be able to make full use of the results without over-interpreting them.

Recently-emerging Respiratory Viruses {#sec5.2}
-------------------------------------

The importance of thorough pathological examination and development of good animal models for severe disease from respiratory viruses is demonstrated by the occurrence of recently-emerging viruses. Only very recently and ongoing there are two outbreaks of mild to severe respiratory illness with clinical disease and pathological features comparable to those in SARS-CoV and influenza viruses. In 2012, there was an outbreak of Middle East respiratory syndrome (MERS) caused by the MERS-CoV in the Middle East ([@bib190]). People from Europe and Africa have acquired MERS-CoV while travelling or staying in the Middle East, with to date more than 139 cases with 60 fatal cases ([@bib19]). Additionally, there is limited human to human transmission, as is demonstrated by reports on 12 clusters, which occurred among close contacts or in healthcare settings ([@bib19]). Only one autopsy of a MERS patient is described so far and this revealed severe DAD comparable with that seen in SARS (unpublished data). Experiments with rhesus and cynomolgus macaques and ferrets have demonstrated that the character of the lesions is comparable with those in macaques infected with SARS-CoV (unpublished data) ([@bib122]). As in SARS-CoV infection in cynomolgus macaques, the severity and extent of the lesions in macaques is less than seen in human patients. Ferrets did not show a productive infection in contrast to what is seen in ferrets infected with SARS-CoV. As in SARS, a good animal model for severe pneumonia in human MERS has not yet been established and more research needs to be done.

At the beginning of 2013 an outbreak of LPAI virus H7N9 caused severe and fatal pneumonia in people in China. To date there are 135 reported cases, including 45 fatal cases ([@bib213]). The first experiments with ferrets show disease more comparable with that of HPAI H5N1 in ferrets, so ferrets may be a good animal model for H7N9 infection in man ([@bib9], [@bib147], [@bib202]). The outbreaks of MERS and H7N9 demonstrate the need for good animal models for severe pneumonia in people infected with respiratory viruses. These models are needed to develop preventive and therapeutic measures and to gain insight into the pathogenesis of such virus infections.

Future Perspectives {#sec5.3}
-------------------

Many steps in the development of severe and fatal disease after SARS-CoV and influenza virus infection remain unknown. In the future, new or improved techniques such as genomics, proteomics and stem cell research may improve our knowledge of disease and recovery after disease and may be helpful in the development of effective interventions against severe disease. For seasonal influenza, aged animals may be an alternative for the inoculation of high doses of virus in ferrets as is seen in SARS-CoV infection in aged macaques and mice and recently for pH1N1 in aged macaques ([@bib153], [@bib166], [@bib79]). For all respiratory viruses that cause severe damage of alveolar and bronchiolar epithelium, treatment with stem cells may prevent severely ill patients from dying ([@bib90]). For both SARS and influenza, experiments with immunosuppressed animals (e.g. by using methods that are also used in organ transplantation) may help find better animal models that more accurately mimic the clinical situation ([@bib197]).

Animal models are important not only for research on the known virus strains and subtypes of SARS-CoV and influenza A viruses. All kinds of viruses are ubiquitous among (wild) animals ([@bib86], [@bib195]); for example, bats harbour viruses that are similar to the epidemic strain of SARS-CoV and MERS-CoV ([@bib101], [@bib190]). Such viruses may be the source of future emerging infections. The travelling behaviour of people, as well as transport of animals and animal products, can result in easy spread of such infections, as was seen in the recent SARS and pH1N1 pandemics.

In conclusion, at the time of an outbreak of severe fatal disease in man, all steps from the discovery of the cause of the disease to the development and testing of appropriate therapeutic and preventive strategies should be carefully considered and pursued. These actions should take into account all of the lessons learned from previous outbreaks and be performed as a joint effort with all relevant disciplines, as part of the concept of 'One Health', to meet the many serious challenges to the health of people, domestic animals and wildlife and to the integrity of ecosystems.

Funding {#sec6}
=======

This study was funded in part by the European Union FP7 project ANTIGONE (Grant agreement number 278976).

We thank F. van der Panne for figure preparation.

[^1]: N, not done.

[^2]: Cynomolgus macaque.

[^3]: African green monkey.

[^4]: N, not done.

[^5]: Cynomolgus macaque.

[^6]: Seasonal human influenza virus H1N1 and H3N2.

[^7]: BOOP, bronchiolitis obliterans organizing pneumonia.

[^8]: Based in part on [@bib128].
